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polarized nucleL mirror reactor, alpha particles r The possibifity of enhancing the ratio of output to input power Q in a simple mirror machine by polarizing deuterium-tritium (D-T) nuclei is evaluated. Taking the Livermore mirror reference design mirror ratio of 6.54, the expected sin 2 0 angular distribution of fusion decay products reduces immediate losses of alpha particles to the loss cone by 7.6% and alpha-ion scattering losses by -50%.
Based on these findings, alphaparticle confinement times for a polarized plasma shouM therefore be 1.11 times greater than for isotropic nuclei. Coupling this enhanced alpha-particle heating with the expected >50% D-T reaction cross section, a corresponding power ratio for polarized nuclei, Qpotarized, is found to be 1.63 times greater than the classical unpolarized value Qclassica/. The effects of this increase in Q are assessed for the simple mirror.
INTRODUCTION
The availability of multiampere beams of nuclear polarized atoms I-3 and their resistance to depolarization under fusion reactor conditions 4-9 has sparked interest in the use of fuel polarization to enhance fusion reactor performance. For a magnetic mirror device, polarization of deuterium (D) and tritium (T) nuclei parallel to the B field offers two advantages:
1. a 50°70 increase in the effective nuclear cross section 2. fusion decay products that are emitted predominantly perpendicular to the magnetic field in a sin 2 0 angular distribution.
Because of these two effects, polarization of injected nuclei is expected to increase the ratio of output to input power for the mirror. The higher cross section prom-ises 50% higher reactivity and 50% more nuclear power for the same conditions (or the same power at lower operating pressures if beta is seriously constrained). Likewise, the sin 2 0 angular distribution of generated alpha particles should reduce alpha-particle end losses from the mirror. Consequently, more of the alpha-particle 3520 keV should be deposited in the reactant plasma leading to a net reduction in the required external heating power.
Enhanced alpha-particle trapping results from 1. the reduced number of alpha particles immediately "born" into the loss region 2. the reduced alpha-ion scattering losses of the remaining alpha particles.
For these alpha-particle loss mechanisms, analytical and numerical enhancement factors are derived, and the ratio of polarized to isotropic alpha-particle confinement time is found. These results are incorporated into an equilibrium fusion energy balance to translate the additional alpha-particle heating into a higher ratio of output to input power (henceforth referred to as Q).
ALPHA-PARTICLEHEATING
As larger experimental fusion machines approach reactor conditions, alpha-particle heating is an increasing issue of concern, t°Alpha particles generated primarily by the reaction D + T --* 4He + n carry fully one-fifth of the fusion reaction energy.
Since this kinetic energy is "attached" to a charged species, some portion is magnetically confined to be partitioned among the fusion reactants.
Alpha 
LOSS CONE ALPHA PARTICLES
Ignoring ambipolar potentials, the probability of immediate alpha-particle loss for an isotropic distribution is Ptoss = 1 -cos 00, where cos do = ( i -R-i ) I/2, and R is the mirror ratio. Polarized D-T nuclei, on the other hand, have an alpha-particle distribution that is proportional to sin 2 do and can be written as da ---sin 2 0 , dfl valid to the first order in da/dfl, the fraction of unpolarized nuclei, or as a normalized distribution:
3
The probability that an alpha particle is born into the loss cone for polarized D-T nuclei is, therefore,
87r .sO ,so
where dfl is the differential solid angle dfl = sin 19dO dd_ or Pro= = 1 --_cos d0(sin 2 0o + 2) . which indicates the alpha-particle trapping enhancement by D-T polarization.
As expected, the trapping advantage of the distribution increases with loss cone size. Anomalous effects of an energy-dependent diffusion coefficient will not be considered.
SLOWING-DOWN AND PITCH-ANGLE SCATTERING
The following assumptions are made:
1. There is a three-component plasma of Maxwellian electrons and ions with an alpha-particle distribution f that is isotropic in physical space but arbitrary in velocity space.
2. The alpha-electron scattering can be neglected relative to ion-alpha scattering (a -v-4, which is small for high-velocity electrons).
3. There is a square-well uniform B field that runs parallel to the cylindrical mirror axis and rises discontinuously at the ends (thus allowing the mirror field to appear only in the boundary conditions).
Only the high-energy
end of the alpha-particle distribution (where df/dt = 0 is a valid assumption) is considered.
Using these assumptions, the Fokker-Planck equation takes the form: Pitch-angle scattering is described by x = vu/v = cos 0, where 0 is the angle between v and the B axis. The pa-
and Ai = mass of the ions (Ai) and alpha particles (A,_) complete the left-hand side of Eq. (4). The source function,
related to the fusion rate and H(x) will be given explicitly later] closes the Fokker-Planck description. Integrating
Eq. (4) from vff to v+ reduces the delta source to the boundary condition:
Vc_ + Vc
Taking the other two boundary conditions asf(v,x = +--XL) = 0 for the loss cone space, the problem is well posed.
Defining new variables xI, and t as
Eq. (4) can be written as
with boundary condition
where H(x) = 1 for an isotropic alpha-particle distribution and H(x) = 1 -x 2 for a sin 2 0 distribution. gives • as a function ofx and t. Using this steady distribution function, the energy spectrum of trapped par-ticles and the corresponding particle and energy losses can be evaluated for isotropic and sin 2 0 alpha-particle distributions.
The unnormalized energy spectrum of trapped alpha particles is given by
and is shown for f in arbitrary units in Figs section and becomes more pronounced for smaller loss cones.
The particle loss fraction P, normalized with respect to the total number of generated particles (including those born into the loss cones), is given by
Particle loss fraction as a function of energy during slowdown for both isotropic and sin: 0 initial distributions in a 10-keV D-T plasma is shown in Fig. 3 for mirror ratios of 2 and 10.
The energy fraction Q was found in terms of this particle loss fraction by
Uc_ and is shown in Fig. 4 for mirror ratios of 2 and 10. A total energy-scattering rate for the isotropic and sin 2 0 alpha-particle distribution was found to be -6 and 2°70, respectively, for a mirror ratio of 10, and 12
and 5070, respectively, for a mirror ratio of 2. The resuits for the isotropic alpha-particle case are in good agreement with the findings of Anderson et al., 13 reported as 6 and 10°70 for R = 10 and R = 2, respectively. Based on this analysis, injection of polarized D-T nuclei has the potential to reduce alpha-particle scattering losses by 50070 or more. However,
given that losses are responsible for negligible alpha-particle energy leakage, little improvement in overall Q can be expected from this reduction.
ALPHA-PARTICLECONFINEMENT TIMES
To find an analytic expression for the ratio of polarized to isotropic alpha-particle confinement times, a quasi-Maxwellian distribution function is assumed, 
Noever
which, when coupled with the boundary conditions,
gives F = qp_____z In sin O /91 sin 0o
Comparing this result with Eq. (10) gives
where the normalization constant C is found from the particle conservation requirement, n = (F(O,p) dp . N= £ qdp ,
O<O<x-0
where the vector dp = 2_rp 2 sin 2 0 dO dp.
For an isotropic alpha-particle distribution, O In cos_--cos00
For a polarized alpha-particle source term, on the other hand, q = qo(p)9(O),
where _(tg) is normalized to give the same value for q as for the case of isotropic alpha particles [_,, (tg) = ll: _--cosOo+_COS 30o (15) 00 In(cot _-) -cos 00 Figure 5 summarizes these results for various mirror ratios. As expected, Eq. (15) approaches 1 in the limit as the loss cone goes to _ and 7r/2. Figure 6 uses an approximation formula 15 for alpha-particle slowingdown behavior to demonstrate the effect of this enhanced alpha-particle confinement on the deposited plasma energy. Dill -(_)cos 2 0o]
FUSIONENERGY BALANCE
To assess the impact of this enhanced alpha-particle trapping on calculated Q values, an equilibrium ion and electron energy balance is performed. Following Kammash, ]6 the ion and electron injection power per unit volume is Wsi and W_e, respectively.
The geometric confinement time is 7"iand 7"efor ions and electrons, and when they escape, they carry Wz.i and Wz_.
The term W0 is taken here as the energy exchange 
Similarly, the electron energy balance can be written
where n 2 Wc_e = _ (ov>Uote (keV/m 3-s) .
If U,_e is that portion of the alpha-particle energy (keV/m 3 -s) deposited with the electrons, then 
Figures 7 and 8 show equilibrium
temperatures versus burnup fraction for both polarized and unpolarized fuel injection.
As expected, polarized nuclei elevate both the equilibrium ion and electron temperatures with the more substantial energy gain found in electron temperatures due to preferential alpha-electron energy exchange. The relevant ratio for Q calculations, however, is the ratio of ion energies, which is shown versus burnup fraction in Fig. 9 . operation, the input current must equal the rate of particle losses given by f-;
where n is the ion density and r is the mean confine- neglecting the differences in (ov) and E_n for deuterium and tritium. Previous mirror feasibility studies _s have arrived at a reference design values for a mirror Q of 1.20 with 77°70 of the gross electrical power recirculated, a number substantially below the economically attractive range of 3 to 5 for Q. However, given the fact that modest improvements in Q can reduce significantly the cost of power, various methods for Q enhancement are being investigated (see Ref 
DISCUSSION

System Efficiency
Here, Q is chosen as the reactor parameter of interest because it simply displays the breakeven Q = 1 and because it can be written in terms of general physics specifications.
For efficiency. Persistently high recirculating power requirements alone account for 13°70 of the total capital outlays estimated for the LMRD, and attempts to reduce this fraction are an important part of any cost reduction scheme.
This fraction can be written as R and is shown in Fig. 15 for polarized and unpolarized injection and various Q values.
Mirror Assessment
Given that power cost estimates for the standard mirror reactor run four times greater than the Wisconsin tokamak estimates and ten times greater than current fission costs, the mirror's future economic competitiveness depends on Q enhancement schemes.
As demonstrated in Fig. 16 
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SUMMARY AND CONCLUSIONS
The conceptual design of a mirror fusion reactor is analyzed to include polarized fuel. In discussing the various polarized designs, previous work has considered that the sin 2 0 angular distribution of fusion products might favor alpha-particle confinement and thus increase plasma heating.
Compared with the classical unpolarized case, polarized fuel is found here to yield enhanced Q values (by a factor of 1.63). Estimated power is obtained from a Fokker-Planck representation that includes both direct and collisional losses. These improvements in alpha-particle confinement derive from polarized D-T nuclei that, in turn, produce a highly anisotropic alpha-particle source (sin 2 0) distribution.
Following collisions, the alpha-particle products are tracked using a numerical solution and are found to maintain much of the high anisotropy initially fed to the reactor as polarized fuel.
To extend the model into higher collective modes of plasma behavior, nonlinear instabilities associated with the loss cone should be considered. A host of anomalous sources for alpha-particle losses can be represented, but nonlinear simulations may prove computationally difficult without resorting to more powerful scaling of variables or spectral techniques beyond the scope of this paper.
For polarized fuel, the principal outcome of enhanced heating may encourage further progress not only for simple mirror designs but also for more elaborate geometries such as tandem or spheromak reactors.
